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Experimental investigations into the dynamics of cylindrical, laser-driven, high-Mach number
shocks are used to study the thermal cooling instability predicted in astrophysical radiative blast
waves. A streaked Schlieren technique measures the full blast wave trajectory on a single-shot basis,
which is key for observing shock-velocity oscillations. Electron density profiles and deceleration
parameters associated with radiative blast waves were recorded, enabling the calculation of impor-
tant blast wave parameters as a function of time for comparison with radiation hydrodynamics
simulations.
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An understanding of the role of thermal and dynamical
instabilities in plasmas is crucial in creating accurate nu-
merical models of heating and mixing in complex astro-
physical systems. In many such systems radiative effects
strongly influence the dynamics and can lead to insta-
bilities which are responsible for many of the complex
astrophysical structures observed. Radiative blast waves
present a physical system that can be instructively stud-
ied through observations, numerical modeling and lab-
oratory experiments. Blast waves result when the rar-
efaction behind a shock front overtakes it, forming a thin
shell that contains all the swept-up mass. If the temper-
ature of the post-shock material creates conditions for
efficient cooling then energy is radiated through the op-
tically thin shock front. The upstream material is par-
tially preheated, being opaque at some photon energies,
but also transmits a considerable fraction of the radi-
ated energy causing the deceleration of the blast wave
shell to increase since the system loses energy. In astro-
physics this describes the third phase in the evolution
of the Supernova Remnant (SNR), the pressure-driven
snowplow, and it is this radiative phase that has been
particularly linked to observed unstable phenomena such
as unsteady ultraviolet and optical line emission from the
Cygnus Loop and Vela. In the laboratory, hydrodynamic
conditions, which may be closely scalable to astrophysics,
can be reproduced through utilization of the efficient ab-
sorption of high-power, short-pulse laser pulses by atomic
clusters [1–3]. This decouples the short-timescale (<ps)
cluster expansion from the late-time (many ns) hydro-
dynamic expansion of interest. Experiments of this type
can be used as a powerful aid to understanding astro-
physical systems since they enable repeatable access to all
phases of the radiation-driven hydrodynamics and have
been highlighted as an important area of laboratory as-
trophysics research [4, 5].
Non-radiative, energy conserving blast waves follow a
self-similar expansion as identified by Sedov and Taylor
[6]. The blast wave radius R follows a power law in time
R ∝ tn in which n = 0.5 in cylindrical and 0.4 in spher-
ical geometry. In addition to decelerating more quickly,
radiative blast waves can also be identified through obser-
vation of an ionized precursor region ahead of the shock
front.
Two similar instabilities exist for blast waves in which
shock compression is enhanced by the effects of radia-
tion: the dynamical overstability (DO) and the oscillat-
ing thermal cooling instability (TCI) [7, 8]. To date ex-
perimental research has looked for the effects of the first
[2, 9, 10], but the second has not been experimentally in-
vestigated and requires a different diagnostic approach.
Both mechanisms rely on strong post-shock cooling, but
exhibit very different characteristics. The first results
from a mismatch in the direction of the thermal and ram
pressure vectors either side of the shock and can cause
ripples in the position of the shock front to grow. In
contrast the TCI depends on the temperature scaling of
the cooling function. The cooling function describes the
power radiated by a gas of certain density, as a func-
tion of electron temperature, and is typically described
in terms of a power-law: Λ(T ) ∝ ρ2Tα, where ρ is the
density, T is the temperature and α is the power-law ex-
ponent. Provided that α ≡ d(lnλ)/d(lnT ) ≤ 1 then the
TCI is predicted to cause an oscillation of the shock ve-
locity D [8]. Its occurence is dependent solely on the
shape of the cooling function. If a gas radiates more
strongly with increasing temperature, the situation can
arise where shock-heated gas radiates with such efficiency
that the shock front collapses, but is then reformed by
the high pressure of the freshly shocked gas. In order to
meet these criteria in an astrophysical shock, it has been
shown that D ≥ 120km s−1, but since the instability is
2dependent only on the shape of the cooling function with
temperature, and not the absolute temperature, a labo-
ratory experiment to study the same phenomenon can be
performed at a significantly lower temperature and thus
shock velocity, and still satisfy the inequality for α.
In past experiments blast wave measurements sensitive
to the electron density have been performed: interfer-
ometry, shadowgraphy or Schlieren imaging [2, 10, 11].
Such experiments enable an estimation of the trajec-
tory through a series of discrete measurements built up
over many successive experimental shots. While this is
suitable for studying the DO, where single-frame images
have shown the break up of the shock front [9], such
techniques are inappropriate for investigating the TCI-
induced shock front oscillations since very slight shot-
to-shot differences in the system dynamics would render
such effects invisible to the multi-shot approach. In the
past, streaked measurements have been used to study
spectral emission from the the blast wave front. Our
methodology makes use of this single-shot approach to
study shock oscillations and therefore determine key pa-
rameters associated with laboratory blast waves in a truly
time-dependent fashion.
In this letter we measure the full trajectory of radiative
blast waves obtained in argon, krypton and xenon over a
60 ns timescale on a single-shot. We show how this mea-
surement enables us to determine blast wave parameters
such as the radiated fraction of energy with considerable
accuracy at all stages of the blast wave evolution. In ad-
dition we show that although the experiments are well-
matched by numerical calculations, they are not able to
fully resolve the blast wave position with sufficient detail
to confirm the occurence of the TCI.
The experiment consists of a room temperature gas
jet containing argon, krypton or xenon at pressures of
59, 41, and 35 bar to keep the different respective mass
densities as similar as possible within the limits of cluster
formation. The gas jet spray creates an extended target
of atomic clusters that is irradiated with a 0.4 J, 700
fs pulse at 1053 nm. Focused to a 20µm diameter spot
of peak intensity ≈ 1017 Wcm−2, this generates an ini-
tial plasma filament of radius ≈ 75µm. At this intensity
about 80% of the laser energy is absorbed [3]. In krypton
we measure the initial temperature of the plasma using a
16-bit Andor x-ray CCD camera (DX434-BN) operating
in a photon counting mode. The bottom inset to Fig.
1 illustrates the typical continuum spectra we recorded
from which the initial electron temperature was measured
to be ≈ 4keV.
An orthogonal, 527 nm, sub-ps probe beam backlights
the plasma filament, which is then image-relayed through
a Michelson interferometer. By overlaping the image
with part of the beam that has not been refracted by
the plasma, a single, time-framed image of the spatial
profile of electron density is generated [12]. In addi-
tion a frequency doubled Nd:YAG (532 nm) was time-
FIG. 1: Measured Blast Wave radius as a function of time in
Ar, Kr and Xe. Inset (top) - streaked Schlieren image showing
the blast wave obtained on a single laser shot in krypton at 41
bar. Inset (bottom) - X-ray emission spectrum from Kr, in-
dicating an initial electron temperature of ≈ 4 keV measured
from the continuum slope.
synchronized to the energetic laser pulse to provide a
second, long-duration, optical backlighter for streaked
Schlieren measurements. This pulse, initially 5 ns in du-
ration, is passed through a low-loss, multiple-reflection
etalon generating a pulse of up to 150 ns to illuminate
the plasma. A 1 mm stop is placed in the focus of a
second low-magnification imaging system to remove the
unrefracted probe light, creating a dark-field Schlieren
image that is relayed onto a Hadland 675 optical streak
camera with ≈ 10ps resolution.
This technique allows the blast-wave formation and
subsequent trajectory to be tracked on a single shot. By
selecting shots within a narrow energy range (< 10%),
the electron-density profile of the blast wave can be ex-
tracted on consecutive shots using the short-pulse probe.
Schlieren imaging, being sensitive to electron density gra-
dients, produces a well-defined image of the steep shock
front evolution. This measured evolution is shown in
Fig. 1 confirming that between 10 and 25ns, n < 0.5.
The inset-top shows an example raw streaked image of a
blast wave in argon.
The blast wave velocity in xenon, calculated from the
trajectory using a 750ps interval, is shown in Fig. 2. For
a radiative blast wave profile the regions containing dif-
ferent effective polytropic indices are the upstream, post-
shock and cavity regions. The properties in each region
3can be related given sufficient knowledge of the power-
law expansion of the blast wave and the polytropic index
in the cavity [13]. From the streaked Schlieren data we
obtain the power-law index of the blast wave expansion
as a function of time, n(t) ≡ d(lnR)/d(lnt). Without
the calculation of the ratio of specific heats in the cavity
region performed in Ref. 13, it is conservative to assume
γ = 5/3, which produces an upper limit description of γ
in the hot, sparse gas in the interior, and a lower limit
of ε(t) - the radiated fraction of the blast wave kinetic
energy.
The Rankine-Hugoniot relations in astrophysics can be
generalized for a fully-ionized gas, but in the laboratory
ionization will act as an energy sink, since the mean ion-
ization state 〈Z〉, will change across the shock. This is
manifested in our calculation of ε(t), but is not included
in Ref. 13 in which only radiative losses are considered
through 0 < ε < 1. The lower limit calculated from our
data at times exceeds 1, which is likely due to another
loss mechanism, such as ionization, and at late times
(t >35ns) ε falls below 0 implying that the blast wave
gains energy from the previously preheated upstream re-
gion in agreement with Ref. 2. In studying an instabil-
ity which is so closely linked to the form of the cooling
function it is important to note that without the separa-
tion of ionization and radiative loss mechanisms, through
knowledge of 〈Z〉 either side of the shock front, analyti-
cal theories are unlikely to produce close agreement with
experiments [14].
To estimate the post-shock temperature we use the
radiation-hydrodynamics code NYM [15] to model the
experiment, which is run assuming local thermodynamic
equilibrium (LTE) with opacities calculated using CAS-
SANDRA [16]. In conjunction with Fig. 1, Fig. 2 indi-
cates that in xenon a blast wave forms at 10 ns, when the
radius is ≈ 3 times the deposition region, and is immedi-
ately fully radiative (ε = 1) until ≈ 25 ns, at which point
the blast wave has cooled sufficiently to stop radiating,
and ε drops to zero.
Using NYM in 1D, cylindrical geometry, 420 mJ is de-
posited into filament of radius of 75 µm, length 3mm
and an absorption fraction of between 50 and 80% was
assumed to best match the data. The spatial distribution
of gas under the jet is approximately Gaussian. The peak
density, estimated from the mass flow rate, is ≈ 7×10−4
gcm−3, but the broad distribution leads to an uncertainty
in the uniform density we simulate. Fig. 3(a) shows
the measured (gray) and calculated (red) trajectory for
Kr, 3(b) shows the measured electron density profile at
25 ns as well as results from different simulations. The
best fit to the data (red) was found with laser absorp-
tion of 50% and density of 1 × 10−4 gcm−3. From 10
ns, once the blast wave has formed, the simulated tra-
jectory is in very good agreement with that measured,
fitting a power-law of n = 0.456 ± 0.001 until 25 ns.
No attempt was made to correctly model the data for
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FIG. 2: Blast wave velocity (D) in Xe at 35 bar (red line),
error bars in gray. Right axis is the lower-limit value of ε (blue
line), indicating the blast wave is fully radiative between 10
and 25 ns.
t < 10ns. Simulated electron density profiles in Fig. 3
demonstrate that artificially turning off radiation causes
the shock to propagate further since less energy is lost; in
addition, without radiation no precursor forms. Strong
radiation is expected to cause further shell-thinning, but
interestingly none of the simulations correctly model the
thicker shell (FWHM ≈ 50 µm) we observe, all producing
a much thinner shell (FWHM = 20 ± 3µm). With elec-
tron conduction is artifically turned off, the diffusion of
free electrons is prevented leaving only convective, fluid
forces to act therefore restricting the propagation of the
shock front. Overall, while the broad hydrodynamics are
successfully reproduced, the detailed cooling in the post-
shock cavity region and precursor, which are strongly
affected by the ionization and atomic physics, are not
adequately treated by assuming LTE.
Occurance of the TCI is critically dependent on the
shape of the cooling function as characterised by α. Using
the radiative cooling rates calculated in Refs. 17–19 we
estimate α. The accuracy with which α can be calculated
is limited by the sensitivity of the power-law fit of the
cooling function to temperature. We use the polynomial
coefficients of cooling functions for each gas, but these
are typically only accurate to within a factor of 2. In
Xe, published data is only available at ≈ 10eV so it is
not possible to extrapolate with sufficient accuracy the
functionality of the cooling rate coefficient at 3eV.
The values of α in table I indicate that the shock oscil-
lations should be observable in Kr and possibly Xe, but
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FIG. 3: Blast wave trajectory and electron density measure-
ments and simulations. (a) Streaked Schlieren trajectory mea-
surement in Kr clusters at 41 bar (gray) and simulated tra-
jectory (red). (b) Measured electron density in Kr at 25 ns
(gray) and best fit simulation with full electron and radia-
tion transport included (red), electron conduction turned off
(black), radiation turned off (green), and both electron and
radiation transport turned off (blue).
TABLE I: Estimated range of the power-law exponent α re-
quired to fit the cooling function for the approximate tem-
perature range we expect in the post-shock region. Unstable
oscillations in the shock front velocity are predicted for α < 1
Refs. 20, 21.
Gas kTe /eV
a D /kms−1b Mach αc
Ar 2± 0.5 8.2± 0.3 40± 1 2.5→ 5.1
Kr 2.5± 0.5 7.3± 0.7 5± 1 0.6→ 1.0
Xe 3.0± 0.5 6.2± 0.2 4± 2 −5.0→ 3.0
aPostshock electron temperature at 15ns calculated in NYM
bVelocity measured at 15 ±0.25ns
cCalculated from the coefficients of the polynomial fit to cooling
functions in Refs. 18, 19. Values in Xe correspond to kTe =10eV
not in Ar since α > 1. Since the TCI occurs when the
shock stalls having radiated the majority of its energy,
but then reforms when the dense material in the shell
ploughs forward and picks up pre-heated material form-
ing a new shock, an order of magnitude estimate of the
oscillation frequency can be made by calculating the time
required for all the kinetic energy of the blast wave to be
lost through radiation. In Ref. 17 the radiative-cooling
loss in xenon at kTe =7.5 eV and ne = 8 × 1018 cm−3
is quoted as 1.9 × 10−19 ergs.cm3/s, which if compared
with the kinetic energy of the xenon blast wave (4.5×104
ergs) corresponds to a cooling time of order 3ns. Despite
this being observable on the timescales we measure, we
are unable to decern any oscillations within the error of
the experiment.
In summary, by means of a new technique we have fully
diagnosed the trajectory of high Mach-number radiative
blast waves in single-shot experiments. In this way we
have investigated the onset of the TCI, but find that we
cannot deduce within the current experimental error if
the blast waves thus far studied drive the instability ac-
cording to the predictions of Chevalier and Imamura [8].
This sets an experimental lower limit for the amplitude
of shock velocity oscillations that we estimate should oc-
cur in Kr and Xe, but not in argon at the temperatures
we acheive. Numerical simulations in LTE successfully
reproduce the broad electron density profiles and radia-
tive evolution of the blast wave front that we observe but
are not successful in matching the precursor or cooling
regions. It is therefore unsurprising that the simulations
show no evidence of the TCI, and it is expected that non-
LTE simulations would be required to show evidence of
the TCI in this regime.
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